and inversely associated, trending in opposite directions across the euthyroid reference range. Within the panel of controls, the subgroup with a relatively lower thyroid capacity (<2.5 pmol/s) displayed lower FT 4 levels, but maintained FT 3 at the same concentrations as patients with higher functional and anatomical capacity. The relationships were preserved when extended to the subclinical range in the diseased sample. Conclusion: The euthyroid panel does not follow a homogeneous pattern to produce random variation among thyroid hormones and TSH, but forms a heterogeneous group that progressively displays distinctly different levels of homeostatic control across the euthyroid range. This suggests a concept of relational stability with implications for definition of euthyroidism and disease classification.
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Introduction
Attainment of a physiologically adequate thyroidal state relies on the ability of the organism to (1) sufficiently raise the hormone output of the thyroid gland to a level appropriate for health and (2) supply the various tissues with the amount of hormone required for their proper functioning. The basal unstimulated production rate of the thyroid gland is insufficient by itself to maintain healthy concentrations of thyroid hormones. Only through appropriate glandular stimulation by the pituitary hormone thyrotropin (TSH) will the levels rise adequately to satisfy the needs of the body. To prevent overstimulation, the system is regulated tightly via multiple negative feedback loops that monitor hormone concentrations and adjust the required stimulatory response [1] . Therefore, as the thyroid gland operates far from the equilibrium position of its unstimulated resting point, there is always a certain degree of physiological pressure on the system. The human thyroid gland directly produces mainly thyroxine (T 4 ) together with a smaller proportion of triiodothyronine (T 3 ) [2] . However, the latter is the biologically more active thyroid hormone, and activation of T 4 is therefore required during entry of the hormones into the cells involving enzymatic monodeiodination converting T 4 into T 3 . Contrary to what has long been believed, tissue distribution and accumulation of intracellular T 3 is not facilitated by passive diffusion, but depends on active transmembrane transport [3] .
From these principles, it follows that a certain free T 4 (FT 4 ) level inherently reflects the degree of TSH stimulation that is exerted by the system on the thyroid gland. Thus, when measuring FT 4 and TSH in the circulation by thyroid function tests, we are not determining parameters independent of each other, but instead measuring their equilibria which are homeostatically determined and strongly interdependent [1] . A similar relationship exists between free T 3 (FT 3 ) and FT 4 , which also maintain interdependent equilibrium positions. While allowing for greater flexibility in the physiological responses of individuals across the euthyroid reference range, this may demand significant variation in the expression of control mechanisms [1] .
In the present study, we hypothesized that individual stability within the reference range of the circulating hormones may result from the expression of different homeostatic equilibria by healthy subjects. This may help balance potential influences that may disturb normal thyroidal function in different ways, depending on the subject's current placement within the range. We therefore explored the concept of relational stability whereby T 3 levels are maintained by examining the various interrelationships in euthyroid subjects and patients with autoimmune thyroiditis.
Methods

Patients
The present study is a secondary analysis in two groups of patients: (1) thyroid-healthy and otherwise healthy controls (n = 271), who showed no clinical evidence of the presence of thyroid dysfunction based on patient history, symptoms, physical examination, antibody status, and thyroid imaging, and (2) untreated patients with thyroid autoimmune disease (n = 86), as evidenced by a positive test result for thyroid peroxidase antibodies (TPO Ab). Patients with potentially interfering comorbidities such as nonthyroidal illness, renal insufficiency, pituitary disease, and pregnancy were ineligible or excluded, as were hospitalized patients and patients on thyroid hormone replacement. Patient characteristics for the groups are reported in Results. Samples were collected as part of a previously published prospective trial (www. ClinicalTrials.gov, NCT 01969552) involving 1,912 consecutively seen adult patients [4] . The study was approved by the local ethics committee and all participants gave written informed consent. Available information included details on patient history, thyroid medication, other medication, thyroid associated symptoms, a thyroid-related physical examination, and standardized questionnaire documenting gender, age, height, weight, smoking habits (75% answered), prior surgery or radioiodine treatment, laboratory tests for FT 3 , FT 4 , TSH, and TPO Ab, plus in elected cases TSH-receptor antibodies (TSH-R Ab) and an ultrasound of the thyroid gland. Blood samples were drawn during the day from late morning to early afternoon.
Thyroid Ultrasonography and Volumetry
Thyroid size, nodularity, and echogenicity were assessed in all subjects by ultrasonography (10-MHz transducer). Thyroid volume was estimated according to the ellipsoid formula (longitudinal diameter × width × depth × 0.5 cm 3 ) for each lobe and addition of the lobe volumes. Reference values are <18 ml for female and <25 ml for male subjects.
Laboratory Methods
Thyroid function tests were performed at a single accredited institution, the Institute of Laboratory Medicine of Klinikum Luedenscheid. Standard laboratory quality procedures were routinely employed, and regular participation in interlaboratory tests were part of the quality management strategy [5] . The laboratoryevaluated reference intervals used for routine diagnostics were as follows: 0.4-4 mIU/l for TSH, 3.1-6.8 pmol/l for FT 3 , 10-23 pmol/l for FT 4 , <60 IU/ml for TPO Ab, and for <2 IU/l TSH-R Ab.
TSH was measured with an automated direct chemiluminescence method (third generation, TSH3-Ultra, ADVIA Centaur XP; Siemens Healthcare Diagnostics, Erlangen, Germany). Briefly, the standard curve was calibrated with the 3rd International Standard of the World Health Organization for Human TSH (IRP 81/565). It showed a functional sensitivity of 0.008 mIU/l. Intra-assay coefficients of variation (CVs) in pooled serum samples in the range from 0.52 mIU/l to 132.8 mIU/l (n = 20) were 1.4-2.4%. Interassay imprecision measured in duplicate over 10 consecutive days was 0.9-2.9%. At a TSH value of 0.52 mIU/l, the intra-assay CV was 1.4% and the interassay CV was 2.2%, but at the functional sensitivity (TSH of 0.008 mIU/l) the interassay CV rose to 14.1% [5] .
FT 3 and FT 4 were measured with an automated competitive chemiluminescence method (FT 4 , FT 3 , ADVIA Centaur XP; Sie-173 mens Healthcare Diagnostics). Serum samples with FT 3 concentrations ranging from 2.9 to 14.2 pmol/l showed intra-assay CVs from 2.4 to 3.1% and interassay CVs from 2.3 to 3.9%. Serum samples with FT 4 concentrations in the range from 9.3 to 38.8 pmol/l showed intra-assay CVs from 2.2 to 3.3% and interassay CVs from 2.5 to 4.0% [5] .
TPO Abs were measured with an automated competitive chemiluminescence method (Anti-TPO, ADVIA Centaur XP; Siemens Healthcare Diagnostics). TSH-R Abs were measured with a competitive ELISA (Anti-TSH-Receptor; EUROIMMUN AG, Luebeck, Germany).
Interrelational Measures
As a simple estimate of the conversion of T 4 to T 3 , we used the FT 3 -FT 4 ratio of the molar serum concentrations of the hormones. We divided FT 4 by TSH (FT 4 -TSH ratio) to get a standardized estimate of T 4 production per unit TSH.
In addition to these crude ratios, more refined measures on global deiodinase activity (SPINA-GD) and maximum thyroid capacity (SPINA-GT) were derived according to a mathematical model of thyroid hormone homeostasis, as has been previously described [6, 7] and recently reviewed [8] . The SPINA parameters have been validated in a number of studies in different populations comprising together more than 10,000 subjects [6] [7] [8] [9] [10] [11] . They can be calculated with free open source software (SPINA Thyr 4.0), available from sourceforge.net (RRID:SCR_014352, http://spina.sf.net).
Briefly, SPINA-GD estimates the maximum global activity of peripheral deiodinases per unit of time (termed deiodinase activity, nmol/s) from equilibrium levels of FT 3 , FT 4 , and estimated constants for plasma protein binding, distribution, and elimination with 
Constants for hormone kinetics and plasma protein binding used in these equations have been reported [6, 11] . The specific GT refers to SPINA-GT divided by thyroid volume (pmol/s/ml).
For further background information and additional methodological details including a Monte Carlo evaluation in comparison with conventional hormone measurements, we refer to recent review articles [6, 8] . As for biological variation, when remeasuring the parameters after an average of 8 months in 108 euthyroid subjects, the intraindividual coefficient of variation for GT was only 16%, compared to 20% for TSH in the same subjects.
Statistical Methods
Descriptive data are shown as means (SD) or medians (interquartile range). Non-normally distributed TSH values were natural logarithmically transformed (lnTSH). Between-group comparisons for continuous variables were based on Welch's t test or, if normality could not be assumed, Wilcoxon's rank-sum test. A χ 2 test with Yates' correction for continuity was used for categorical variables. Variables were considered explanatory and therefore no adjustments were made for multiple comparisons. In the control group, we obtained a reference interval for each single parameter, based on the 95% CI after prior removal of outliers by Horn's method. While the Pearson product-moment correlation was used for simple correlations, nonlinear relationships were tested using Kendall's tau rank correlation. Differences in slopes were tested for significance by the paired correlation test. A generalized linear model fitted by maximum likelihood was used to analyze linear and nonlinear (third-degree polynomial) relationships between two variables.
In some tests (e.g. in the correlation between SPINA-GT and SPINA-GD) FT 4 is part of both the dependent and the independent expression. In order to correct for spurious correlations in these cases, FT 4 values were randomly permuted in the dataset, thus delivering physiologically decoupled test values and spurious correlations only. Subsequently, associations based on true and permuted values were compared with a paired correlation test based on Fisher's z. All tests were two-sided with p < 0.05 denoting statistical significance. We used the R statistical software base package (version 3.2.3 for Mac) together with JGR 1.1-18, Deducer 0.7-9, and psych 1.5-8 [12] [13] [14] .
Results
Patient characteristics for the control group (n = 271) and untreated disease sample (n = 86) are shown in table 1 . The 95% confidence limits for the various parameters in the control group after removing three outliers representing reference intervals are also given in the table.
The FT 4 -TSH ratio was significantly associated with thyroid volume in the control group (tau = 0.23, p < 0.001, n = 268). Similarly, thyroid capacity was significantly correlated with the anatomical thyroid volume determined by ultrasound ( fig. 1 ) . Interestingly, the functional versus anatomical relationship was preserved in patients with autoimmune thyroiditis, but at any given volume thyroid capacity was lower in the diseased sample compared to the control group ( fig. 1 ). Thyroid capacity in controls was positively associated with age (tau = 0.13, p = 0.002, n = 268) and negatively with BMI (tau = -0.09, p = 0.04). It was negatively associated with deiodinase activity (tau = -0.26, p < 0.001), but remained unrelated to gender (p = 0.20) and FT 3 concentrations (tau = -0.02, p = 0.71). The relationships with the specific thyroid capacity per thyroid volume (pmol/s/ml) are as follows: gender (0.10 higher in females, p < 0.001), age (tau = 0.025, p = 0.55), BMI (tau = -0.20, p < 0.001), deiodinase activity (tau = -0.19, p < 0.001), and FT 3 (tau = -0.06, p = 0.14). Deiodinase activity in controls, in turn, was influenced by gender (2.1 nmol/s on average higher in men, p = 0.001), age (tau = -0.21, p < 0.001), and TSH levels (lnTSH, tau = 0.12, p = 0.004), but not by BMI (tau = 0.01, p = 0.74) and thyroid volume (tau = -0.04, p = 0.32).
In the euthyroid control panel, the FT 3 -FT 4 ratio was positively associated with lnTSH (tau = 0.12, p = 0.004) and inversely with the FT 4 -TSH ratio (tau = -0.22, p < 0.001), linking T 3 conversion with TSH-standardised T 4 production ( fig. 2 a) . Similarly, using more refined measures of conversion and thyroid production, deiodinase activity showed an inverse association (tau = -0.26, p < 0.001) and a nonlinear relationship ( fig. 2 b) with thyroid capacity in the euthyroid range of the control group. The significant association between both the FT 3 -FT 4 and FT 4 -TSH ratios or thyroid capacity and deiodinase activity was not the result of a spurious correlation since it was significantly stronger in real values than in a sample based on randomly permuted FT 4 concentrations (p = 0.01, p = 0.02). The relationship was approximated by a third-degree polynomial regression, which provided a superior fit to a linear regression (model comparison by ANOVA, p < 0.001) ( fig. 2 b) .
The relationship between conversion and capacity extended to the subclinical hypothyroid range in untreated patients with thyroid autoimmune disease ( fig. 2 a, b) . While thyroid capacity was reduced in subclinical hypothyroid (TSH >4 mIU/l) compared to euthyroid patients with thyroid autoimmune disease [1.53 (1.34; 1.69) vs. Within the panel of the controls, the subgroup with a low thyroid capacity (cutoff 2.5 pmol/s) displayed lower FT 4 levels, but maintained FT 3 levels at the same level as patients with higher functional and anatomical capacity ( table 2 ). These patients also displayed a higher level of TSH stimulation, and their deiodinase activity was significantly elevated, compared to the subjects with greater thyroid capacity ( table 2 ). Figure 3 illustrates the oppos- ing changes in thyroid capacity and deiodinase activity. The bivariate 95% confidence ellipses for FT 4 versus lnTSH stratified by thyroid capacity show an adjusted expression of the controlling relationships within the euthyroid range while FT 3 concentrations are maintained ( fig. 3 c, d ).
Discussion
The human thyroid gland operates under physiological conditions far from its basal resting point, thus requiring continuous and adapted stimulation via feedbackcontrolled pituitary TSH secretion to maintain adequate thyroid hormone supply [1] . The system can thereby provide relational balance through conditional interrelationships aimed at T 3 stability, the biologically most relevant hormone. In the present study, we show that there is significant variation in the physiological responses of individuals across the euthyroid reference range and in the expression of control mechanisms. This seems to be related especially to the positioning of an individual within the FT 3 range. The three parameters describing thyroid function (TSH, FT 4 , and FT 3 ) are classically defined in euthyroid humans by their respective reference ranges [15, 16] . This has encouraged a tacit assumption that across the ranges individuals show similarly poised homeostatic responses to potential disturbances, e.g. subclinical or overt hypothyroidism. The present study and earlier findings question this assumption, suggesting sig- nificant variation in the expression of control mechanisms in euthyroid subjects. From our results, the euthyroid panel does not present itself as a homogeneous group with a random multivariate distribution of independent parameters, but appears to be subject to subtle homeostatic control shifts and early fine-tuning at the individual level. The present results extend our previous findings in LT 4 -treated patients to more physiological conditions [4] . This may have important implications as the relationship between TSH and thyroid hormones is fundamentally different in treated patients and in euthyroid individuals [4, 9, [16] [17] [18] [19] [20] . The present findings suggest an additional concept of relational stability. They undermine the assumption that TSH alone may be sufficient for diagnosis of treatment adequacy, rather demanding a multivariable homeostatically rooted approach for defining true euthyroidism.
This adds a homeostatic perspective to the ongoing controversy on thyroid reference intervals [21] [22] [23] [24] . Technically, the interrelationships can be approximately represented by the T 3 -T 4 ratio reflecting conversion efficiency and the FT 4 -TSH ratio estimating the standardized amount of FT 4 released per unit of TSH. The equilibrated levels measured can also be mathematically deconstructed into estimates of the maximum thyroidal capacity (SPINA-GT or abbreviated GT, see Methods) and the pituitary response curve using a validated model of thyroid hormone homeostasis [6] [7] [8] [9] [10] [11] . In this study we confirmed a strong correlation between functional and sonographically determined anatomical capacity. GT was influenced by age and body weight, but not gender. Interestingly, the ratio of FT 3 to FT 4 and the ratio of FT 4 to TSH were inversely associated, as thyroid capacity and deiodinase activity trended in opposite directions across the euthyroid range. In particular, global deiodinase activity increased with declining thyroid capacity within the euthyroid panel, involving both FT 4 and TSH levels and maintaining T 3 stability. This suggests a subtle homeostatically driven balance between these two main physiological processes. Consequently, the euthyroid panel does not follow a homogeneous pattern to produce random variation among thyroid hormones and TSH. Instead, it forms a heterogeneous group that displays distinctly different levels of homeostatic control at the individual level.
We cannot determine whether genetic factors may possibly have contributed to the observed heterogeneity in our controls as this study did not include any genetic testing [25] [26] [27] [28] . Our estimated conversion rate may reflect global tissue demand and thyroid hormone utilization. However, it does not discriminate between the relative contributions by the three types of deiodinase, which are known to respond differently to T 4 and T 3 [29, 30] . Global conversion efficiency appears to be centrally controlled via TSH, while allowing for conditional tissue adjustments to meet varying local demands [17, 31, 32] . This allows the various tissues to temporarily borrow from each other, thus making the total system more efficient. Only the brain would always retain highest priority due to its predominant expression of type 2 deiodinase [29] .
The theoretical background including methodological aspects and reliability of the calculated parameters has recently been reviewed [6, 8] . Measurement of thyroid parameters is affected by several types of variation including assay performance, high interindividual variation compared to other laboratory parameters, considerable biological (intraindividual) variation, and variation from circadian and circannual rhythms [33, 34] . The latter is apparent for TSH and also to a lesser extent FT 3 , which follows the nightly surge in TSH with some delay, but is less pronounced in FT 4 [35] . Circadian variability was a minor influence in our study because all blood samples were taken during the day from late morning to early afternoon, thus avoiding greater TSH or FT 3 deviations that may occur during late or nightly hours [34] . It is also expected to be a random influence in a larger sample. As these thyroid parameters are strongly interrelated, their joint interpretation appears appropriate, and may also reduce variation on theoretical grounds. Indeed, GT showed a lower intrasubject variability (intraindividual coefficient of variation) compared to TSH in this study (16 vs. 20%), confirming earlier reports [8] .
Concerns have been raised about the impact of unrecognized thyroid autoimmune disease on the normal reference range [36, 37] . As contamination of the control group by hidden pathologies cannot be ruled out, we have compared the relevant relationships in the controls to a group of patients with untreated thyroid autoimmune disease. While the functional capacity relative to the patients' thyroid volume was on average lower in the pathological sample than in the control group -as may be expected in a condition characterized by structural tissue damage -the relationships between conversion and capacity were generally preserved and extended to the subclinical range. The latter aspect questions in particular the definition of the subclinical group, who are currently classified as diseased solely based on an abnormal TSH measurement [16] . We have recently shown that a substantial portion of subclinical diseases were reclassified differently by using a multivariate reference system [38] .
Both the FT 4 -TSH ratio and estimated functional thyroid capacity constitute more standardized measures of the thyroid production capability than circulatory FT 4 concentration, as the latter is inherently dependent on the degree of TSH stimulation. Any imbalance could reveal capacity stress at a very early stage where a compensatory increase in conversion efficiency is still able to maintain the euthyroid state. Its potential as an early indicator of a progressively failing thyroid gland in conditions such as autoimmune thyroiditis invites further prospective studies.
Deriving euthyroid reference levels therefore becomes a combined task of defining the healthy equilibrium state of all parameters rather than a univariate statistical distribution of a single parameter [1] . Accordingly, these findings raise the possibility of a predisease definition of euthyroid individuals using a FT 3 and FT 4 measurement in addition to TSH, thereby laying down archival markers unique to each subject. This would allow assessment of treatment protocols based on prior knowledge of the subject's homeostatic set point in the event of glandular dysfunction arising in the future.
In conclusion, the homeostatic balances between the parameters defining thyroid function appear to be individually expressed, whether in euthyroidism or in dysfunction. Relational stability is achieved through conditional interrelationships and variation in the expression of control mechanisms. This emphasizes the need to consider the patient as an individual with a unique physiological makeup and argues against the statistical approach of simply consigning subjects to particular diagnoses based only on whether their results lie within or without the respective reference ranges.
